Background: Red tattoos are prone to allergic reactions. The identity of the allergen(s) is mostly unknown.
larger skin areas. 5 Tattoo allergies often develop with a latency of months or years, but then their occurrence is mostly abrupt. Tattoo allergy also may occur in purple, violet, green, blue, and yellow tattoos but seemingly not in black tattoos. 2 Black pigment is composed of amorphous carbon (carbon black) or, exceptionally, of black iron oxides. 6 Soluble potential sensitizers such as preservatives and chemical impurities will be removed quickly from the site of the tattoo and are thus not likely to cause the aforementioned delayed local reactions.
In the last decades, mineral pigments have been widely replaced by highly colored, brilliant organic pigments. 7, 8 Their main chemical classes are azo pigment, quinacridones, and phthalocyanines. 6 Case reports indicate that the two former classes may be sensitizers and the main reason for allergy in red nuanced tattoos. 9 However, most studies fail to prove a causative relationship of allergic reactions of tattoos and organic pigments. This is because reports often identify pigments through the list of ingredients on the labels on ink bottles, and do not verify pigments by chemical analysis in ink or in the patients' skin. Approximately one-third of ink labels provide false information concerning the pigments used. 10 So far, the only study providing evidence of sensitization and on presence of the same organic pigment contained in the ink was related to the thioindigo derivative Pigment Red (P.R.) 181. 11 However, this report included only four patients, who were tattooed with cosmetic tattoo inks originating from the same manufacturer.
Patch testing, with the putative inks suspected of causing the allergic tattoo reaction, fails to induce a positive outcome of the test. 9, 12, 13 Therefore, it was speculated whether the allergen may be a hapten formed in the skin over time, possibly with some pigmentderived decomposition product making up the epitope. 12 Photochemical breakdown of pigments by UV or laser irradiation is suggested to contribute to tattoo allergy induction. 12, 14, 15 In a cohort of 101 patients, 32% reported worsening of allergy symptoms after sun exposure, suggesting that sunlight might play a role in the development of allergic reactions. 4 However, intermittent sun-induced complaints are common in tattoos and occur at a similarly high rate. 16 These complaints might be induced partly by titanium dioxide, a white pigment used for color blending in tattoo inks. Titanium dioxide is used in the crystal structures rutile and anatase, of which the latter is known to cause formation of reactive oxygen species upon UV irradiation and that also occurs in tattoo and permanent makeup inks. 17 Until now, no large-scale clinical study has been carried out aiming to identify specific organic pigments that are causing tattoo allergies. Particularly chemical analysis of the organic tattoo pigments present in the reactive skin is still missing. The aim of the current study was to identify organic pigments and metals in the skin of 104 patients with tattoo allergy. Because the preferred treatment of the "Tattoo Clinic" in Copenhagen is dermatome shaving, it was possible to harvest and freeze tissue samples for chemical analysis. 18 Hence, dermatome-shaving biopsies of the epidermis and outer dermis were obtained as a by-product of surgery. Matrix-assisted laser desorption/ionization tandem mass spectrometry (MALDI-MS/MS) was used for identification of organic pigments and inductively coupled plasma (ICP)-MS for the quantification of elements present in the skin biopsies.
| MATERIALS AND METHODS

| Patients and biopsies
In total, 104 shave-biopsy samples were obtained from 104 patients who underwent surgery from 2015 to 2017 in the "Tattoo Clinic" of Bispebjerg University Hospital in Copenhagen. Samples were taken in accordance with the current Helsinki Declaration; patients accepted that the biologic waste material from dermatome shaving performed as a routine treatment of their tattoo allergy was donated for research and education. Patients are referred primarily from greater Copenhagen, but patients from other parts of Denmark with more serious complications are treated as well. Seventy-one women and thirtythree men participated with a mean age of 36 years (range: 18-65).
Sixty-eight patients (65%) had tattoos localized on sun-exposed areas:
for example, neck (1 patient), forearm (29) , wrist (8 patients), lower leg (20 patients), and ankle/foot (10 patients). Forty-eight of 104 patients (46%) stated that they had no known allergies before, and 28 (27%) stated that they had metal allergy. Only patients with objective plaque elevation or excessive hyperkeratosis in a red tattoo or in tattoos of red nuances (light red, bordeaux, violet) were included ( Figure 1 ). 19 Fourteen patients had very strong allergic symptoms manifested as cross-reactions, that is, when a recently tattooed skin area started to trigger a simultaneous reaction in one or more hitherto well-tolerated tattoos of the same color at distant sites. The shave samples were stored immediately after surgery in a freezer at −18 C until analysis was performed. The shave biopsies were made by thin-cut horizontal slicing performed from the skin surface down to a level in the dermis devoid of visible pigments. Samples were blinded and dispatched on dry ice to German Federal Institute for Risk Assessment (BfR) for chemical analysis. Wherever possible, patients were asked to collect inks from their tattooist for analysis.
| Identification of organic pigments by MALDI-MS/MS
The 104 biopsies and 12 inks were analyzed by means of MALDI-MS/ MS to identify the organic pigments present in the samples. Skin specimens were digested with collagenase followed by mechanical disruption as described previously. 20 A library of 40 known pigments comprising 19 red and violet pigments was used for identification (Table S1 ). P.R. 210 actually represents a mixture including P.R. 170 but was subsequently referred to only as P.R. 210. In case of equivocal results, lithium cation attachment was applied to verify the pigment's identity, as recently described by Schreiver et al. 20 Identification of pigments can be carried out only by the targeted approach. Thus, pigments not present in the in-house library could not be identified.
| Quantification of metals by ICP-MS
Elemental compositions in a total of 104 skin biopsies were analyzed using microwave digest for sample preparation and ICP-MS as described elsewhere. 21 In brief, 50 to 200 mg tissue or ink sample were digested in 1.5 mL ultrapure water, 2.5 mL nitric acid, and 1 mL Titanium speciation analysis by means of x-ray absorption near edge structure (XANES) was carried out at beamline ID21 at the European Synchrotron (ESRF) in Grenoble as described elsewhere with the following amendments: Lysates prepared for MALDI-MS/MS (see above)
| XRF imaging and titanium speciation
were placed on ultralene foils for analysis. 21 XANES spectroscopy was carried out for 44 biopsy lysates. The samples size was restricted due to the limited amount of allocated beamtime at ESRF.
| RESULTS
| Identification of organic pigments
In total, 104 dermatome shaving biopsies from patients with a clinical diagnosis of allergic reaction in a red tattoo or in tattoos of red nuances (light red, bordeaux, violet) were included in the study.
Typical clinical reactions are shown in Figure 1 . Samples were analyzed with MALDI-MS/MS to identify known organic pigments.
Since the allergic reactions of interest occurred in the red part of the tattoo, identified pigments other than nuances of red were considered deviant. This is justified by the fact that dermatome shaving biopsies can include adjacent parts of a multi-coloured tattoo and therefore may include pigments surrounding the red tattoo reaction. Samples from patients with strong allergy manifested as secondary allergic cross-reactions in old and hitherto well-tolerated tattoos were obtained from the most recent tattoo only; the triggering tattoo.
The shave biopsies contained the naphthol AS pigments P.R. 22 (35%), P.R. 210 (24%), P.R. 170 (36%), P.R. 5 (0.9%) and P.R. 112 (0.9%) in over 55% of all samples, see Table 1 , Figure S1 . Some biopsies contained more than one red pigment. Pigments of different chemical structures present in the biopsies were the diazo Pigment Orange (P.O.) 13 (12%), the dioxazine Pigment Violet (P.V.) 23 (8%) and the quinacridone P.R. 122, see Table 1 , Figure 2 . In 37 biopsies (36%), more than one type of pigment was detected.
Fourteen (13%) patients presented clinical cross-reactions in older tattoos. P.R. 210 was found in 43% of these samples compared to 21% in samples without cross-reactions. P.R. 170 alone was similar for the two groups of allergies, 14% versus 11%. This contrasts analysis of pigment P.R. 22 which was found in 21% of the samples displaying cross-reactions versus 37% in samples without cross-reactions, Table 1 .
In 23 biopsies (22%), no red to violet organic pigment or iron particles could be identified (Table S2 ). In six biopsies with red to violet organic pigments, iron particles were found by means of XRF analysis indicating the use of inorganic red iron oxide pigment, Figure 3 . The lack of pigment identification may either be due to low and nondetectable pigment concentrations in these samples, or due to the presence of an unknown pigment. It has to be noted that many of the biopsy lysates did not appear red but rather dark when black ink particles dominated the biopsy, or unstained indicating that hardly any pigments were present.
In addition to the skin biopsies, 12 inks deriving from nine patients were analyzed. For six inks, pigment declaration from the label was available. Only three inks had correct labels displaying all pigments that have also been found in the inks by chemical analysis.
In four cases, at least one pigment found in the ink bottle was also detectable in the skin biopsy of the corresponding patient. In two biopsies, a different red pigment was found. For three biopsies, the identification of the red pigments was unsuccessful again either due to low pigment concentrations or an unknown pigment not being declared on the list of ingredients on the ink bottle.
| Quantification of metals in skin biopsies
Metals related to tattoos were also quantified in the skin samples. The presence of iron, titanium, and copper can be indicators of the use of iron oxide, titanium dioxide, and copper phthalocyanines as tattoo pigments, respectively (Table 2, Figure 4 ). Iron and copper are physiologically present in the human skin and therefore reach levels above the limit of quantification in the samples ( When estimating that a mean of 2.4% of the ink will still be present in the tattooed skin after years, only mean ink contamination with copper, chromium, and manganese (and likely titanium) would lead to a detectable increase above worst-case background levels in control skin. The analysis of elements in pig skin when prepared with the knife used for dermatome shaving did not show increased metal concentrations compared to ceramic knifes (data not shown). Metals in samples from patients with and without cross-reactions were on par.
In addition, no associations between nickel or chromium concentrations and cross-reactive patients were identified. Iron concentrations were increased in some samples, partly originating from ironcontaining tattoo pigments visible as iron particles in XRF analysis in 14 of 35 analyzed biopsies ( Figure 3 ). Blood residues containing ironheme complexes might also play a role. The sensitizing elements chromium and nickel were found in many samples.
Titanium was found in the majority of samples, probably because the white pigment titanium dioxide is used for the blending of inks into different color shades. Speciation of titanium was carried out by XANES analysis for 44 samples with high titanium concentrations.
The titanium dioxide pigment in these biopsies consisted mostly of rutile (38/44 [86%] ). Anatase was found in only 2 of 44 samples (5%) and a mix of rutile and anatase in 4 of 44 of the analyzed biopsies (9%). the safety data sheets of more than 1400 inks. All four studies generally show the same frequencies for most of the pigments (Table 3 ).
| Reports of pigment frequencies extracted from literature
Although P.R. 22 was uncommon in all four studies it was revealed with high percentage in the shave biopsies.
| Sensitizing pigment decomposition products extracted from the literature
The pigments found in this study are known to be cleaved upon sun- Figure 2D ). Among these sensitizers, known carcinogens such as aniline and 3,3'-dichlorobenzidine 14, 25, [28] [29] [30] were also found. Aniline presents the simplest primary aromatic amine and is cleaved off by a multitude of pigments. The Naphthol AS pigments cleave into their corresponding Naphthol AS derivatives, thereby releasing 2-naphthol.
| DISCUSSION
The study identified Naphthol AS pigments in more than 55% of the shave biopsies, with allergic reactions in the 104 patients tattooed with red or red nuances. Therefore this structural element is to be considered as a contributing factor in the development of tattoorelated allergic responses. However, in 23 biopsies (22%), no organic pigment or iron particles indicating the use of iron oxide pigments could be detected. The main reasons for incomplete identification will be insufficient pigment concentrations in the biopsy lysates or pig-
ments not yet included in the pigment library. 20, 31 This is, because the detection limit of pigments with MALDI is dependent on other components in the mixture and on the pigment itself and can range from 0.1% in our own experiments and up to 20% w/w in extreme cases. 31 In addition, pigments not yet known to occur in tattoo inks may be the increase in the frequency of adverse skin reactions was especially obvious for P.R. 22. However, it is a limitation that product content labels were used for pigment identification in two of four reference studies from the literature, given that the declaration of content on the label can deviate substantially from the actual content, as proven by chemical analysis. 25, 31, 32 Other human data from pigment analysis of nonreacting red tattoos exist only for nine cases in forensic material. 33 P.R. 22 was detected in two biopsies (22%) and P.R. 112 in three biopsies (33%), whereas none of these pigments could be detected in four biopsies (44%). The same study revealed several impurities such as methyl-naphthol-AS present in commercial pigment preparations.
The identified pigments may have been more commonly used in the past.
Based on the present data, we still cannot conclude on the precise azo pigment-related allergenic fragment that serves as hapten causing the allergy, even though P.R. 22, P.R. 170 and P.R. 210 seem to be capable of sensitization. In clinical studies, allergic reactions in tattoos may start after a few weeks or even after months or years. 2, 12 An early debut points to an allergen already present in the tattoo ink. Conversely, late debut rather indicates the formation of an allergen over time due to local metabolic breakdown or photodegradation. These breakdown products are thought to be components of haptens, which include tissue proteins. 12 Sensitization to such hapten-protein complexes and consecutive allergy development may occur at any time during the individual's lifetime; tattoos can be tolerated for years before adverse reactions suddenly emerge a long time after the original tattoo was acquired. Thus, even with one isolated pigment such as P.R. 22, more than one allergenic hapten might be formed ( Figure 2D ). The degradation hypothesis leading to hapten formation is strengthened by the observation that pigment concentrations in skin decrease over time. Concentrations of P.R. 22 and P.R. 112 in skin biopsies were, respectively, 87% to 99% lower than previously found in fresh tattoos performed on mice and humans, thus indicating that elimination takes place during healing, with washout or breakdown of pigments weeks, months, or years after tattooing. 33, 34 Authors also found that up to 60% of P.R. 22 disappeared within 32 days when animals were exposed to solar radiation. Likewise, the azo breakdown products may also be found as impurities in tattoo ink preparations. Because neither of the decomposition products of the pigments that can be detected in biopsies was tested in standard patch test series, no evidence on the supposable associated T A B L E 3 Pigments in dermatome shave biopsies of 104 allergic tattoo reactions compared to pigments in tattoo ink stock products according to market surveys; red tattoo reactions and red tattoo inks sensitization rate and the putative hapten in the investigated patients can be provided yet.
Metals were very common in all biopsies investigated in this study. The results are in accordance with metal contaminants commonly found in tattoo ink stock products on the market. According to the literature, a broad range of metals are usually present in tattoo inks. 22, 35 However, when estimating that a mean of 2.4% of the ink is staying in the skin, 33 as described recently. 36 Mean concentrations of chromium and nickel deriving from tattoo needle wear can raise the metal concentration in tattooed skin above the background level if titanium dioxide was in the ink used for tattooing. 36 The mean values of nickel and cadmium in the tattooed biopsies are rather high and might derive from a combination of environmental factors, ink impurities, and metal wear of tattoo needles.
With respect to tattoo safety and risk of allergic sensitization, the metals nickel and chromium are of primary interest. A previous study of allergy patch testing in patients with chronic tattoo reactions, including allergy in red tattoos and cases of cross-reaction, showed positive reaction to nickel sulfate in 21% of the cases. 12 This is close to the known level of 18% in the background population of dermatitis patients documented in large European studies. 12, 37 The same patch test study could not verify that chromium plays any role in tattoo allergy.
The chemical analysis used in this investigation quantifies total metal contents and cannot distinguish metallic forms and soluble ions.
Soluble metal ions may induce allergy (eg, nickel ions) and are considered to be constantly cleared from tissues with a short half-life in the body, for example, 17-39 hours for clearance of nickel ions measured in the urine after single dose intake. 38, 39 Metal allergy due to metal joint replacement is considered rare despite the huge amount of nickel and chromium present in these prostheses. 40, 41 Still, the rate of patients sensitized to metals is higher among those with implant failure. 42 Thus metal deposition in the body does not necessarily lead to adverse effects, but may still play a role during local inflammatory responses due to their high local concentrations in tissue surrounding joints with implants. 42 We therefore think that metals do not play a major role in chronic tattoo allergy reactions in red tattoos observed as typical reactions in the clinic of today.
Titanium is used widely in metal implants and accepted to be rather nonallergenic. However, a recent case report suggested that titanium release from an implant as a contributing factor in tattoorelated allergic reactions. 43 The problem arose in black tattoos, in which the histology showed that granulomatous inflammation and patch tests with titanium were inconclusive, although the patient reacted to the processed implant material. Titanium is therefore unlikely to have caused the tattoo reaction. The case fulfilled the criteria of papulonodular reaction with autoimmune rush phenomenon, a known condition associated with sarcoidosis. 19 Titanium dioxide found in the shave biopsies was present mainly as rutile, with only 14% containing the anatase crystal structure. It is known that titanium dioxide has photocatalytic properties toward the degradation of organic compounds in aqueous solutions, even at low concentrations-especially in the anatase crystal structure. 44 It is therefore possible that the increased release of putative sensitizers originating from azo-based pigments might be supported by anatase, which thus may have an indirect, but nevertheless active adjuvant role, in clinically manifested tattoo allergy. Hohl and Hauri recently showed that titanium dioxide exerts a strong and rapid photodegradation on diazo pigments when mixed with rutile and exposed to daylight in a collagen solution. 45 
